Introduction
[2] The North Atlantic Oscillation (NAO)/Arctic Oscillation (AO) and the Pacific/North American (PNA) pattern are the major winter climate modes of the interannual variability in the northern hemispheric midlatitudes. Changes in the phases of either pattern have marked impact on the regional climate. During extreme phases the NAO and the PNA are associated with the modulation of surface temperature, location and strength of storminess as well as the transport of moist air on largescale over the Atlantic-European area [Hurrell et al., 2003] and over the North Pacific and North America [Wallace and Gutzler, 1981] .
[3] The variability of these dominant modes is largely described by internal processes of the midlatitude atmosphere and is inherently unpredictable. External processes originating from the Tropics, however, have a pronounced influence on their variability. For example, the variability of the PNA was found closely related to variations of warm ocean waters in the tropical Pacific [Trenberth et al., 1998] , which is well known as El Niñ o/Southern Oscillation (ENSO [Philander, 1990] ). The modulation of the phases of the NAO to such remote forcing of the Tropics, however, is less well understood. Observational and modeling studies provide evidence for a weak response of atmospheric quantities and storm activity to ENSO [van Oldenborgh et al., 2000; Merkel and Latif, 2002] . More recently, there is evidence for a NAO-like response to forcing of the tropical Pacific [Lin et al., 2005; Pohlmann and Latif, 2005] . Others, however, also suggest a contribution by the Indian [Bader and Latif, 2003; Hoerling et al., 2001] or Atlantic Ocean [Sutton and Hodson, 2003] .
[4] Given the important role of ENSO for the interannual variability in the tropics and extra-tropics, but also given the tendency of a warmer climate induced by anthropogenic greenhouse gas forcing, it is of particular interest how these extra-tropical circulation patterns are affected by ENSO in a changing climate. Several global climate models suggest a tendency of the Pacific climate to an ''El Niño -like'' state due to increased greenhouse gas forcing [Cubasch et al., 2001] . More explicitly some authors provide model evidence of an increase in ENSO activity in the future climate [Timmermann et al., 1999; Collins, 2000] . However, these results are still controversial and must be set into a broader context including the uncertainty of model formulation van Oldenborgh et al., 2005] . Assuming a different state of ENSO in a changing climate the main issue of this paper is to estimate the dynamical response of the dominant patterns of the midlatitudes interannual variability. For this we use an ensemble of the latest IPCC climate change projections from the coupled climate model of the Max Planck Institute for Meteorology. Based on the IPCC Special Report on Emission Scenario (SRES) A1B the dynamical response is investigated for the 20th century and for the future (21st and 22nd century) climate.
Twentieth Century Climate
[5] Monthly means of surface temperature and geopotential height at 500hPa of the ECMWF ERA40 Reanalysis data [Simmons and Gibson, 2000] and the Max-Planck Institute for Meteorology coupled atmosphere-ocean model have been used to describe the remote impact of the tropical Pacific. The model atmosphere is described by the latest cycle of the European Center/Hamburg Model Version 5 (ECHAM5) and is run at T63L31 resolution [Roeckner et al., 2003] . The ocean consists of the Max Planck Institute Ocean Model (MPI-OM) as described by Marsland et al. [2003] . Atmosphere and ocean are coupled by means of the OASIS coupler [Valcke et al., 2004] with no flux correction. A 500yr control simulation (CTRL) and 3 realizations of the 20th century simulations for the period 1900 -2000 (20C) are considered. For the ERA40 Reanalysis we look at the period 1958 -2001. Since ENSO/NAO show largest variability in winter our investigations are restricted to the winter (DJF) mean.
[6] The distributions of the winter mean Niño3.4 index (averaged SST anomaly over the region 5°S-5°N, 120°W-170°W) for the ERA40 Re-analysis and the 20C simulations are shown in Figure 1 . The indices of the 20C simulations show a small shift in the mean state and larger variability than the ERA40 data. Although the amplitude is overestimated by a factor of 1.5 the period of the Niño3.4 index is realistically simulated with a dominant period of 4 years [Jungclaus et al., 2006; van Oldenborgh et al., 2005] . Figure 1 also indicates that for the 20C simulations the density of less likely events is estimated by more values than for the ERA40 data. This is important since we focus on extreme signals of the Niño3.4 index and investigate effects corresponding to the index greater (less) than plus 1 (minus À1) standard deviation, hereafter denoted as positive and negative events, respectively. For further analysis the indices and fields are determined with respect to the corresponding period and the trend removed.
[7] To analyze the contribution of the tropical forcing to the atmospheric circulation, composite maps are constructed as the difference of mean positive and mean negative events to the mean residuum (the residuum is defined as the set of those indices which are less (greater) than 1sd (À1sd)). Figure 2 shows the composite maps of the winter mean geopotential 500hPa for the 20C simulations associated with the positive and negative events, respectively. For positive events the midlatitude geopotential exhibits a strong signature over the North Pacific and North America with a strengthening of the Aleutian low. For the negative events the Aleutian low is weaker than normal and two weak anomalous highs are found in the southern US and northern midlatitude Atlantic. A similar analysis of the ERA40 data (not shown) reveals a more pronounced response than in the 20C simulations. Especially for the negative events a strong anomalous high is found over the European area. However, it must be noted that here only seven events are used (and 54 for all of the 20C simulations).
[8] To examine to what extent ENSO influences the dominant circulation patterns, the NAO and PNA indices of 20C and ERA40 are obtained with a regression of the corresponding fields of the geopotential at 500hPa on predefined NAO (PNA) patterns. The NAO (PNA) patterns are defined as the first EOF patterns of the geopotential at 500 hPa of CTRL and ERA40 data, respectively, over the area of 100°W-60°E and 30°N-80°N (150E°-30W°and 20°N -80°N). Pattern correlation between NAO (PNA) patterns of ERA40 and CTRL have significant values of r = 0.97 (0.91). The correlation coefficients between the PNA indices and Niño3.4 indices show significant values of r = 0.42 and 0.26 < r < 0.46 for ERA40 and the 20C simulations, respectively (see Table 1 ). For the NAO index no statistically significant values are obtained (r = À0.12 and À0.13 < r < À0.01). For each NAO (PNA) index the probability density functions (PDF) are calculated with respect to the positive and negative ENSO events. Positive (negative) ENSO events are associated with a shift of PNA index to higher (lower) values. This is also found for the ERA40 data (not shown). Using a KolmogorovSmirnov (KS) test the distributions are statistically different for ERA40 and for two realizations of the 20C simulations, respectively (see Table 1 for p-values). For the NAO index the PDFs are not statistically different neither for the ERA40 nor the 20C simulation (see Table 1 ).
Future Climate Change Projections
[9] Similar to the previous section composite maps and PDFs are calculated for the IPCC SRES scenario A1B for the 21st century (21C) and for an A1B stabilization scenario for the period 2100 -2200 (22C). For the latter greenhouse gases and aerosols are fixed at their year 2100 level. A total of three realizations are available for each period.
[10] Figure 1 shows the Niño3.4 indices for the two periods. There is a strong shift toward higher positive values with mean values of o = 1.93 and o = 4.01 in the 21C and 22C simulations, respectively. Though this is to be expected as the global warming itself influences the indices, being temperatures, the shift of the mean state can also determined using the Southern Oscillation or related sea-level pressure indices [van Oldenborgh et al., 2005] . Moreover, the standard deviations of the time-series with the trend removed show a clear increase in variability of ENSO in the 21C and 22C.
[11] Similar to the 20C climate the indices and fields are further determined with respect to the corresponding period and the trend removed. The composite maps of A1B for 21C and 22C for all realizations are shown in Figure 2 . For positive and negative events an intensification of the existing pattern relative to the 20C simulation is found. For the positive events the minimum in the southeast of North America appears to be stronger and further elongated to the European continent in the 22C simulations. For the negative events the anomalous high from the south US to east Atlantic has steadily increased.
[12] As in the previous section for each realization of the 21C and 22C simulations the PNA and NAO index are calculated (via regression on the PNA and NAO pattern of CTRL). The correlation coefficients between the indices and the Niño3.4 index are shown in table 1. For the PNA index the 21C and 22C simulations show slightly higher coefficients than that of the 20th century simulation. For the NAO index, in contrast to the 20th century simulation, the correlation coefficients become statistically significant and vary between À0.30 and À0.26 (À0.46 and À0.37) for the 21C and 22C simulations, respectively.
[13] As in the 20th century simulation the PDFs are calculated with respect to the positive and negative ENSO events. Figure 3 shows the results for all realizations of A1B for 21C and 22C. For the NAO the PDFs are steadily separated from the 21C to the 22C simulations indicating more negative (positive) NAO indices for positive (negative) ENSO events, respectively. The corresponding pvalues of the KS-test (Table 1) show an increase in the significantly different response of the NAO to positive and negative ENSO events. For the PNA the changes are less strong than for the NAO, but the PDFs are also further separated in the 21C and 22C simulations than in the 20C.
Summary and Discussion
[14] In this paper we have investigated the remote impact of ENSO onto the dominant winter circulation patterns of the northern hemisphere in a future climate. Ensembles of future climate change projection as described by the IPCC SRES report are considered using the coupled atmosphereocean climate model ECHAM5/MPI-OM. It is found that within a changing state of ENSO a pronounced impact can be expected on the midlatitude flow, with most distinctive changes across the Atlantic Ocean. Moreover it is shown that a positive (negative) phase of ENSO is more likely followed by a positive (negative) PNA index and negative (positive) NAO index, respectively. Here particularly striking is the impact on the variability of the NAO index, which becomes significantly dependent on ENSO in the 21st and 22nd century climate change projections.
[15] Although there is increasing evidence of an interaction between ENSO and a NAO-like variability over the Atlantic Ocean, there are a number of possible mechanisms including indirect interactions via atmosphere-ocean teleconnections or a direct link via the stratosphere or troposphere, respectively. Concerning the latter a possible link could include changes in the storm track variability in the future climate (see also Bentgsson et al., 2006) , which could either be altered by increasing teleconnectivity or modulation of the zonal flow such as the subtropical jet. For instance, for El Niño conditions the subtropical zonal wind is found to be significantly increased in the Atlantic and eastern Pacific in the future climate. But also since our results are given in the context of ENSO in a changing mean state, other factors such as the changing of the background state may be of relevance.
[16] Further, although the model fairly represents ENSO [Jungclaus et al., 2006] , the above results rely on a proper estimation of the future state of ENSO, which is in turn limited by uncertainties such as model formulation and future concentrations of greenhouse gases and aerosols. To reduce uncertainties due to model formulation for instance, a higher number of models or multi-model simulation can be considered, as shown by Collins et al. [2005] and van Oldenborgh et al. [2005] . Uncertainties due to the future greenhouse gas forcing can be tackled by using several emission scenarios. For this we also examined the B1 scenario (not shown), and found that the results are similar to that of A1B scenario, but less significant.
[17] Finally the results are of particular interest for the long-range forecasts in the sphere of the circulation patterns. Since ENSO provides the major source of interannual variability in the Tropics with enhanced predictability several seasons ahead [Latif et al., 1998 ], a stronger impact on to the dominant extra-tropical circulation patterns might also affect the corresponding forecast skill, for instance for the NAO for which today's forecast skill is limited [Müller et al., 2005] .
